Attorney Docket: DC5165 PCT 1 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re application of: Michael Gavin Proctor et al. 



Confirmation No.: 



6206 



Serial No.: 



10/581,563 



Group Art Unit: 



1796 



Filed: 



June 2, 2006 



Attorney Docket No.: 71049-012 



Examiner: 



Moore, Margaret G. 



For: 



METHOD OF MAKING KAOLIN CONTAINING SILICONE RUBBER 
COMPOSITIONS 



PETITION FOR ENTRY OF REQUESTED 
EVIDENCE AFTER FILING OF APPEAL BRIEF 



Mail Stop PETITIONS 
Attn: Office of Petitions 

Director of the USPTO & Director of Patent Technology Center 1700 

P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Dear Sirs: 

The Applicant hereby respectfully petitions the Directors of the USPTO and Technology 
Center 1700 to enter the attached evidence into the file wrapper of the above-referenced 
application pursuant to at least one of 37 CFR §§1.182, 1.183 and/or MPEP §§1002, 1002.02(c). 
The Applicant concurrently files a Reply Brief in conjunction with this Petition and the Petition Fee 
set forth in 37 CFR § 1.17(f). 

Brief Summary of File History and Reasoning for Submission of the Instant Petition: 

The Applicant filed a Response and Declaration Under 37 CFR §1.132 on April 27, 2009. 
The Applicant subsequently filed a Notice of Appeal on September 29, 2009 and an Appeal Brief 
on November 30, 2009 referring back to the Declaration. In the Examiner's Answer to the 
Appeal Brief mailed on February 26, 2010 (and in an updated Answer mailed on March 29, 2010), 
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the Examiner concluded that she could not accept the factual statements of the Declarant set forth in 
the Declaration without reviewing additional evidence that corroborated and supported these 
statements. Said differently, the Examiner asserted that she could not accept the Declarant's 
statements on their own merit and required additional documentation that would confirm the 
knowledge and understanding of those of skill in the art. 

Importantly, the first time during prosecution that the Examiner requested this additional 
evidence was in her Answer . Thus, the Applicant was clearly unaware of this request, and thus 
unable to submit this evidence, during prosecution or even concurrently with the Appeal Brief. As 
such, the Applicant hereby petitions the Directors to enter the supporting evidence, attached 
hereto as Exhibit A, into the file wrapper to ensure that the Examiner can properly review the 
evidence in conjunction with the Declaration and respond, if necessary. 
Rule-Based Support For This Petition: 

The Applicant fully realizes and appreciates that MPEP §1206 and 37 CFR §41.33 state that 
affidavits and other evidence submitted after the date of filing an appeal will not be permitted 
except under specific circumstances and that evidence received after jurisdiction has passed to 
the Board should not be considered by the Examiner unless the case is remanded by the Board. 
The Applicant also appreciates the USPTO's concerns with efficiency and the public policy that 
disfavors continual submission of evidence during an Appeal. 

However, in the instant case, the Applicant respectfully petitions that the supporting 
evidence, attached hereto as Exhibit A, be entered into the file wrapper at the discretion of the 
Directors. In support of this Petition, the Applicant cites multiple sections of both the MPEP and 
the CFR below. The Applicant respectfully submits that all of these sections provide adequate and 
appropriate grounds for the Directors to grant this Petition and enter the attached evidence into the 
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file wrapper. 

I. Jurisdiction of the Patent Application and Appeal Currently Remains With The 
Director of the Patent Technology Center 

Pursuant to MPEP §§ 1002.02(c)(8) and 1206, the Applicant may file a petition with the 
Director of the Patent Technology Center concerning appealed patent applications before the 
transfer of jurisdiction to the Board of Patent Appeals and Interferences. As set forth in 37 CFR 
§41.35, jurisdiction over appeals typically passes to the Board upon transmittal of the file, 
including all briefs and examiner's answers, to the Board (e.g. after a Reply Brief is filed). (See 
also MPEP §1208) 

In the instant case, the Applicant is filing this Petition concurrently with a Reply Brief. 
For this reason, the Applicant respectfully submits that jurisdiction of the patent application and 
appeal currently remains with the Director of the Patent Technology Center and petitions that the 
Director enter the attached evidence into the file wrapper. 

II. 37 CFR §1.182 Allows for Petitions to the Director of the USPTO for All Questions 
Not Specifically Provided for in the Code of Federal Regulations 

As set forth in 37 CFR §1.182 and recited in MPEP §1002, all situations not specifically 

provided for in the regulations will be decided in accordance with the merits of each situation by 

or under the authority of the Director of the USPTO. The Applicant recognizes that the instant 

situation is fairly unique and submits that the Examiner's request for additional evidence is 

necessary for the equitable and proper consideration of the Declaration, determination of 

patentability, and adjudication of the Appeal. As such, the Applicant hereby petitions the Director 

of the USPTO to enter the attached supporting evidence into the file wrapper. 
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III. 37 CFR §1.183 Allows for Suspension of the Rules in Extraordinary Situations 

As set forth in 37 CFR §1.183 and MPEP § 1002.02(b)(2), in an extraordinary situation, 
when justice requires, any requirement of the regulations in this part which is not a requirement 
of the statutes may be suspended or waived by the Director or the Director's designee on petition 
of the interested party. The Applicant appreciates that the instant situation is unique and submits 
that justice requires that the attached supporting evidence be entered into the record for the 
equitable and proper consideration of the Declaration, determination of patentability, and 
adjudication of the Appeal. The Applicant also respectfully submits that it would be inequitable 
to require the Applicant to spend additional funds to withdraw the Appeal, file an RCE to enter 
the evidence, and then potentially have to re-file the Notice of Appeal and Appeal Brief. Said 
differently, the Applicant submits that it would be inequitable to require that the Applicant restart 
the prosecution process. Accordingly, the Applicant hereby petitions the Director to enter the 
attached supporting evidence into the file wrapper. 

The Applicant is submitting this Petition in conjunction with the Petition Fee set forth in 37 
CFR § 1.17(f). While it is believed that no further fees are presently due, the Commissioner is 
authorized to charge the Deposit Account No. 08-2789, in the name of Howard & Howard 
Attorneys PLLC for any fees or credit the account for any overpayment. 

Respectfully submitted, 

HOWARD & HOWARD ATTORNEYS PLLC 

Date: April 26, 2010 /David M. LaPrairie/ 

David M. LaPrairie, Registration No. 46,295 

Howard and Howard Attorneys PLLC 
450 West Fourth Street 
Royal Oak, Michigan 48067 
(248) 723-0442 
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Appendix A: 
Additional Evidence For Review by the Examiner 



Reference 1: Chemistry and Technology of Silicones 

W. Noll, Chemistry and Technology of Silicones, 400-401 (Academic Press, 1968) 

Reference 2: Handbook of Elastomers 

A.K. Bhowmick and H.L. Stevens, Handbook of Elastomers, 610 (2 ed., Marcel Dekker, Inc 
2001) 



Reference 3: Silicone Elastomers/Rubber - Structure and Properties 

Silicone Elastomers/Rubber - Structure and Properties, Dow Corning Corporation, 

http://www.dowcoming.corr^content/discover/discovertoolbox/forms-rubber-structure.aspx 

(accessed 04/07/2010) 



Reference 4: Elastomers. Plastics & Composites Fillers 

Elastomers, Plastics & Composites Fillers, Wacker Chemie AG, 
http://www.wackerxorr^cms/en/products-markets/plastics/processingaids/fillers/fillers.jsp 
(accessed 04/07/2010) 



Reference 5: New Trends in Silicone Elastomer Technology 

J. Amarasekera, New Trends in Silicone Elastomer Technology, Rubber World, 26-35 (June 1 
2000) 



Reference 6: Comparing Liquid and High Consistency Silicone Rubber 
Elastomers: Which is Right for You? 

B. E. Wolf, Comparing Liquid and High Consistency Silicone Rubber Elastomers: Which is 
Right for You?, Medical Plastics and Biomaterials Magazine, July 1997 

Reference 7: Silicone Elastomers 

P. Jerschow, Silicone Elastomers, 5 (Rapra Reports, Report 137, Vol. 12, No. 5, 2001) 

Reference 8: Carbon Nanotubes: Exceptional Reinforcing Fillers for Silicone 

Rubbers 

L. Bokobza and M. Rahmani, Carbon Nanotubes: Exceptional Reinforcing Fillers for Silicone 
Rubbers, Raw Materials and Applications, KGK Marz 1 12-117 (2009) 
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Wacker Chemie AG - Fillers 



www.wacker.com 



ELASTOMERS, PLASTICS & COMPOSITES 
FILLERS 



HDK® as a Reinforcing Filler 
'The reinforcing filler HDK® imparts the requisite mechanical properties to natural 
and synthetic rubbers and silicone elastomers. Hydrophobic HDK® grades can be 
used to produce combinations of high filler loading or tear strength with good 
^ processability. 

Tailored Elasticity 

For optimum results, the fillers used in natural and synthetic rubber and silicone 
elastomers must meet specifications. That is the only way to achieve products with 
precisely defined mechanical properties, such as tensile strength, elongation at 
break and tear strength (notch impact strength/Shore hardness). The reinforcing 
filler HDK® is a preferred auxiliary for achieving the desired system property. 

Optimum Reinforcement 

HDK® owes its outstanding reinforcing effect to its high specific surface area. The 
numerous interactions between the polymer chains of the elastomer network and 
the special particle structure of HDK® dissipates mechanical stresses and forces 
within the elastomer network - and so restricts the entropy space for polymer 
chains. This process increases the elastomers' strength, elongation at break and 
load-bearing capacity. 

High Sag Resistance 

HDK® may be added to nonpolar silicone rubber to act both as reinforcing filler and 
rheological additive. The marked thickening action of hydrophilic HDK® provides 
the requisite degree of sag resistance, with the result that low-viscosity systems do 
not run down vertical surfaces. 

Good Processability 

In silicone elastomers, hydrophilic HDK® provides a high reinforcing effect - but at 
the same time results in a high viscosity, thereby limiting processability. One 
solution here is to use processing auxiliaries and low-molecular plasticizers. They 
block the interaction between the HDK® particles by adsorption and thus lower the 
viscosity. The system benefits from smooth running and perfect processing. 

Your selection resulted in 9 product recommendations. 



Products 


Application 


Product 
Group 


Product 
Type 


Effect 


BET surface 


HDK® H15 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophobic 


Reinforcement 


130-170 
m2/g 


HDK® H20 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophobic 


Reinforcement 


170-230 
m2/g 


HDK® 


Reinforcement of mechanical 


Pyrogenic 


Hydrophobic 


Reinforcement 


170-230 
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H2000 properties Silica m2/g 



HDK® H30 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophobic 


Reinforcement 


270- 
m2/g 


330 


HDK® N20 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


170- 
m2/g 


230 


HDK® T30 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


270- 
m2/g 


330 


HDK® T40 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


360- 
m2/g 


440 


HDK®V15 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


130- 
m2/g 


170 


HDK®V15P 


Reinforcement of mechanical 
properties 


Pyrogenic 
Silica 


Hydrophilic 


Reinforcement 


130- 
m2/g 


170 
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New trends in silicone elastomer technology 
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Butyl 
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PVC 
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Temp., ( C C) 
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rating 
















Mech water 
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2.3 
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0.03 
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"Resistance 


30,000 


50.000 


2.000 


30 000 


21.000 


2,000 
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13,7,9 


5.52 


5.52 


8,27 


10.34 


10.34 
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350 


400 


300 


200 


. 400 


Heat age 


Excellent 


Excellent 
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Pass 


Fail 


Pass 
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Fail 


Pass 
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Ozone resistance 






Poor 


Good 


Very good 
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Excellent 


.,>- Fair 


Fair 


Pr.or 


Very good 


Very Good 


resistance 
















Processing 
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Poor 


Good 


Good 


Good 
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Tabic 3 various siloxanc product.: 



Siloxane type Duro. Tensile (Mpa) Elongation Density 

Heal cured rubber 45 i.8-7.4 100-400 1.180 

Resin/glass laminate n.a. 200-240 2 990 

0. e pact silicone 



sealant 



?.9e 



510 



1 .067 
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The addition , ict ot is • milai to . ietal atttly/cd eon 
i lion it ial Ih i > 1 s in . - s ^ s > I 
i a i erit i t _ 1 tketi [ 'it ifft s 1 ah a 
tadtuil oi puovide eaUh/ed system whae the eutalys, is 
slioyed during the m ig process. 1 i i 

process, howevei the reinaiuirt; catalyst can lake rM) fro t 
I . tmqspht . 1 . tjuilib te tfi ured p m i . 
work, litis process is known as reversion and can affect the 
functional lifeol the elasti met fh • pi n nutn remaining in an 
i 1 i > . latrix does not catal tl \ ' i 

' i tsatutatetl gumps villi whieh ial 

theteloie no active stte can be geneiated (tel. i<) fuguie 2 
1 ; | i • m i tit etion and the sul qttent reac- 
tion to form an ethane linkage. 

The generation of the active site via a platinum/unsuiLii it 
ed carbon interaction is critical to ihe mechanism of hydrosi- 
lylntion (ref. fi). 

Vthen compared to a unliable silicone rubber, a liquid 
injection molded silicone elastomei ha- some inherent bene- 
fits which lead to increased productivity ami lower ihe per 
pan cost, Tht fits ol i i i I a M ih < 

elastomer system are illustrated in table 4. 

Depending on the part to be molded, the number of parts 
and tl. cap tal requin ' qui I itijct ioi molded i ico e 
elastomer system may be economically favoiablc It is me 
omt £ no t fl. it letailed cost anal a- b peti if'. 




Monsanto MDR2000E - 4 
tod ■ ' »20°C 



f.'.~x toiquG (N'm) 



JUNE 2000 



27 



CH, CH. f'V V CH 
-O -S!-C-S,-CH=CH ?H j 



CH, CH 3 ^ CH, 
- -O,, Si - O - Si CH.. - CH. - Si- Q - Si - 0-~ 
CH. CH, CH.. CH 



proposed process first using a liquid type system, then cum 
paring ii to « millable rubher system. Table 5 outlines a 
! d i ' the nue LMst of a pail. A (In its H - 

not as detailed as an actual anal} sis, it dues illu.stiute the 

ty of coi ring all i t i c i • 1 

tain, and not just that of the material. 



II 1 , i I ii i i molded si lit clustomei pi tvei 
pu ss ctnett a 1 ' - •' iui 11 mi uitcs and i on I to mom St in 
perature priot io lesiiug he tensile elongation, teai durome- 
tei and modulus. Tensile strength, die B tear strength, 
elgngp&ga aad m^Mm wye ^teti oa # Mopsaois 
Tensomctei 10. at a rate of 50.S cm/minute until failure The 

lui hi * neastred on an Exaeta Hai h\ ss I t in 
\c'a \ge using • mi ic \ st\li s on pass ctticel sheets. Hie 
application rate is a measure oi the flowability ol the material 
and was Je'eimiiied b\ extiiiding the matetial through a 3. 1 "7 
mm orifice at 0 MPa ai cording th i im in grains 
pst minute I he une late ol llu materials was nuusuied 
using a Monsanto \!DK 2(>U)F at l"7 C I he compiession 

et a suva u ed i v mi| a I.? 7 mi i plu -.of ma ial 
*iit i ere cure! foi SO ninitt . ,t 177 C to < 1 he 
original height in an air circulating oven at 177'C Cor 22 
hours. The samples were allowed to cool at ambient eoudi- 



( uidinj Hon n 1 * ht-ci a.ed 
silicone elastomers 



Hi it i in 3 s h o 13 
Out cc: lponenl 
Many process ng steps 

• milling 

♦ preforming 

♦ molding 

• trimming 

I ligit molding pressures 
(34.47- 137.89 Mpa) 
Long cycle times (>120s) 
Labor intensive process 



Liquid ~t i ynn decl bone 
Two component 
One processing step 
No secondary operations 
« no post baking 

• no t deflaj>r)ipg<_. ( , „jt .-. ■ 

• ', ■ . ■ . ■ ■ _ 

Molding pressures • " -jf>0 * 
(10.34-34.47 Mpa) 
Short cycle times (1Q-40s) 
AutomalGd process 

• consistent pumping 

- consistent cu-e 

- one to one A/B mix 

• automatic mixing (static 

• computer-controlled cycle 

• automatic de-molding ; 



Conn .i shei xximens of the desti stibsi isii 
a 1.27 em x 1.27 em overlap with a 3.17 mm thick section of 
liquid injection in> k< d ahco e elasi unci as an adhesive 
The samples were cured in an air circulating o\en foi 30 
n m 1 ' ( h ii ed u < t to i isi u a 
prior to testing to failure on t! 



Results and discussions 

Stamhtn/ LIM materials 

I iquid in eelion m il led he n< elas m i > cvelo J 
a- a pu s ,n ■ titer ial i nllabl a p uial I silo i i 

1 . i Since the time liquid inject ded silicon 

' vomers \ ;rt 'u ited ,i 975 i laterials have becom 
It.a r. e tsit i. produei and havt In en d li pet to 
achieve unique pioperties dependent on the target applica- 
tion. It is possible to trace the industrial acceptance in liquid 
I u >i n >kle s - ' >n tastomers by lookup i nati 
It rove m, nis; mad > tin i i 1 ' u i s Sit id i | 
lion molded .silicone was originally used for small parts 
nn it i derate e ditions. Example >l sue! k i c 
lings, small g oinmets. small gaskets, eft The first liquid 
injection mold* I silicone elastomers were opaqu ad 1 ion 
cure materials with high tear strength when compared to 
standard RT S (pom »1 ) systems fhey had i i em sub cm 
Mi t tibru on sisi ic * an 1 re cured via to iition i 
pmeess in less than two minutes at 177 C. 

■s of the initial liquid injee- 




Liquid injection mold 1 >r 


ost analysis 




Liqui '. Ejection 


HCE 


Part 1 


molded 




Cycle timefs) 


30 


330 


Cycles/day 


2.640 


238 


yield i.-oi 


98 


95 


Number ol cavities 


24 


40 


Materials -4. 






Price/pound (S) 


4.85 


2.5C 


Mscs'partCg) 


10 


10 


Total material cost (S) 


108.975 


57,987 


■ Labor „ . „• 






Cost/'hour(S) 


20 


20 


Hours/day :•• ; :J : ^^'r 


22 


22 


Total labor cost 


7,089 


48.733 


Secondary operations 






Inspection cost (S) 


5,000 


20.000 


Deflashing cost (S) 


C 


30,000 


Total secondary ops. (S) 


5 000 


50.000 


Pari 2 






Total material cost (S) 


108.975 


57,987 


Total labor cost (S) 


7,036 


43.733 


Total seconqary ops. cost {$) 


5.000 


50,000 


Total production costs (S) 


121.061 


156.720 


Total equipment usage (days) 


16.1 


110.8 


Number of machines needed 






lor job completion in 16.1 
days 


1 


7 


Liauid injection molded silicones 


/s. HCE cost analysis 


1,000.000 parts 
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It > uJl d i tests aric 

substrates with self-bonding liquid. Injection; 
molded elastomer 



i i mol ! sih 01 • . a r 1 ,\ - e suthi em . run >h < 
acceptance allci then mi da i ... he material is sull in 
use today, fheie were, how out. some drawbacks with this 
material It was urn cleat had a rathei higl ,pecs fie gravity, 
and the cure rate of the material was almost twn minutes. 
Tins une c\ck to It in j ii u full dvunla • f the pn 
dticlhih which l'kjukl uqeaion molding system has to 
offer. 

.'he next in f i venien In liquid silicone el tomerchem 
isu >' was the imroduct i of a clear, ! uriog p luc 1 1 
The muluiJ had the physical mi ngtl I ih ngiiial iiqu d 
injection molded elasmmci series, has was optiealh clear, 
had a low specific gravity, and cured in <30 seconds at 

]77°e. 

1 v s i plication iii 

medical to eleUionk - > e< i unergood nd re escnts tl 

. i i > • i ed sili e stomei nth the hi hesl 
physical .trengths. the fa Most cure rates arid the low est spc- 
eili. ua if rikje ate m me aj plication, whah this line 
Joes nut (ill. ineiudinu aieas v.heic lov, compiession wn is 
needed where -e'l hot rii , is -quire ni U ;rc the end use 
requires lite siloxane tu have a controlled force deflection. 



New developments in L 

. i lied t nee Mi in a pri i e le s 



ton and low 




F P c er;k force (Fmax) 

F c Contact teres 

F A Actual contact force 

F R Mm. return force (Fmin) 

F; | Max return force 

F D Drop force (F D = F P -F C ) 

F G Gap force. (F G = F P -F M ) 



Lower tnc- -jap lace (F3) 

j . istit/v^ and higner the life cycle is 

V ma better. 

— . 
Fp(N) F, F M (N) Life cycle 
Gap force 

LIM 3745 0.539 0 073 20 million 
LIM:6745 J t -01588 - ? SOftillion; 




Alpha is the- ccntact angie 

rr - lowi r 't ( car I ie> 
aprjie. the more complete 
trie wetting 1 1 




Substrate . ... •> .? 

ABS ' "t ' '"' ' 

Aluminum 

PBT '• - J 

Polyamide (unfilled) 

Polycarbonate (untreated) 

Polycarbonate (UV treated) 

Polypi .thaiamide 

Polypropylene 

PPO/nylor 

PPO/PS 



Exct 

Excellent 
Poor 
Excet 
Gonr; 



or , 
ce;!ert 



compression set as rnol 1 are thae k ethnology es 
which the new gene atioi ot 1 qua. injection i lolded sil um - 
etastomeis must have Advances have been made in all o! the 
above areas, and the resulting new materials can be used in 
applications s\here previous liquid silicone rubbers per- 
il me I usul « iently 



! e leed fm n elastomer that e ib ont Ik I rleflec 1 1 1 
has been identified Tins property k useful ir. medical .sys- 
teui who tl. el,- if i sed as a iring in a pumping 
system, or in the eleetionics indusiiy here a k ypad requite 
conti led force to v 1 i 11 ct * 1 » a of I it] i id 
injection m iid | I ue Momers havin s. led 
I'oreedefle ion has been tl eloped ffenn t wide range ot 
phys al properties nd proees tu; alternatives 

All of these materials have an extremely high application 
i ' hie] tu » thai tii can fill com] aeomet I 
as those used >i pumps «s k pads md cuie m j \u> droit 
cycle lime. The material selection will depend on the degree 
t)f ^j^,iStewgfaje^lW^I*^ai«l the taj^vily of me p at. 
i _a r v. , illustrates the force deflection dn aeteristics, and 
tin. life cycle of twi I hes m tei uh 

The controlled force deHeed'on scries >I n teriak offers 
arious ph aii. tu gths application rat and decrees of 
1 mi. ill neb: offering the dc igi gineei t large d grec 
* ewibilit) h l i hi i leria whi maimaiiiniL. ; on 
sistent detteci on*. 

Sell-handiw 

As a geneial lulc and p mulb I , desig liquid injection 
molded silicone elaMi mers typk dl) do not bond to -sub- 
strates without prin mc md/oi po I baking UM siheone 
> ast s .i re ;uld ion ci r< nu i il i, m ,i i do i 
have a large n n ibi r ol pol speck s at me smface o! the 
tnalei a! with which to interact i\hh oihei luaterials. fhis 
i f non-functional su L k . 1 < , r releaw i > i 
Ues, liciiee the reasoi »\ '«v ! es an iften used as ick'asi 
liners. 

One reason siloxanes are so difficult to adhere to is that 
'ne surface en n » f en cured ilmane is \et\ low ', 
mN/ni The ftv/'-sulftacfe ttiirgf ptttoMtS dlhej matei nils 
from welting t!i. suifa t . t he m!..s,ui Wetting tl e a dace 
means that the material must spread out in sucli a .i . il I 
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T ' l 'i , q ic f, i,c 5vc a« h on it r a ta m hi 'i 1 ondim 8 >40 



the two surface areas become- 
cuntacied i'i an immune fashion. 
A material with a lower surface 
energy will wet a materia! with 
a hit Hiifacc ierg flits i 
because the intramolecular: 
interactions of the lower surface 
energy materia! are low enough 
to be ova • > me ih: high :r 
energy, suhsuvtie surface. 

fo determine the « 1a outact angk 

measurements arc typically Usui A drop ul a material is 
p! icul on a surface of known enar^aod &e angle! l^eeh 
a tangenilo the d > id the .surface s measured 

As figure 4 shows, if the- sample does not wet at all, the 
angle is 180 ifthcsampl c mpleiely web use angle is 0 
\ ,; .n 0. recs mn-vc fie itnl v >ttmg oertti between 
lb. Lwoesttcmc, Stlkoues ustullv hau set lug conuct 
angles, corresponding to very low surface energies, and 
therefore are difficult to wet. A drop of water on a siloxane 
i v tal example of to etting in tction 
Recent there have. ieen developments dial have enabl d 
i' emulation ofsil , that I 0,1 1 1 . 1 , to engineerin 
thermoplastics, g m met; 1 ! itil) <• .1. bt . lit 
1 prim ess ad iot man) d, tgn enginec >> t full 
dvant gc the 1 un tivit f a li jui injei ml iol< i 
elastomer s)stcm bv eliminating the priming step of the 
process. Additionally, a self-bonding elastomer enables cer- 
t , t s fie ty in the 1 t >< as 1 m ( ' tc m< 1 I 
icallv lock lite elastomer in place no longer e\ists. The first 
eneiaii eil-boiidi |ttid injection m« I silicon 
turners arc translucent, have good physical properties and 
din! ha 1st 1 1 ? * 

n addition t . > - d pre physical pro 
files, the material has a low specific gravity, and a high appli- 
tio 1 rate. The adhesi | icrties of this material re test 
ed oil many engineering thermoplastics and metals. The 
ults this les g v 1 1 1 bk 

The values given in the table represent genual materials 
categories. a,e qualitative, and do not tepiesent absolutes 
I'his is b use the rfa f 1 substrates can be 

s essing and con t vd! 1 pure!) si 
face phenomenon, and there fore adhesion can be compro- 
mised by contamination, and impurities, table 7 lists the 
results of a uantila ; « leriment on single lot ol 301 
glass filled PUT 

1 ned through t it 

1.1 1- - gni licant imfliedia&ly out of the mold, and im 1 e.^e- 
virh time u (he ] t ; is at room ft peratut 1 ■ pi s 
1 vent the buildui 1 n the m t i > 

the authors recommend thai the mold undergo a semi-perma- 
nent NWTFE coaling pnoi to use. Rns enables eas\ temo\ai 
or 'he part from the mold, aodiieducas fl» effort needed to 
perforin routine cleaning on the mold. 

Low compression set' 

In a typical addition cured siloxane elastomer, less than 
l()u < oL Qtv. functional gioups ate reacted This is partially 
by design, as well as being a result of the vinyl and hydride 
el in ih 11 ions which a 



Siloxane type Grace 

Non-bonding Llivl 605'J <0.69 MPa 

Non-bonding LIM 6050 >i.72MPa 

Bonding L1M 8040 2.42 MPa 

ling LIM 6050 <0.69 MPa 

LIM 80«0 2.38 '.'Pa 




100°t- cohesive 



'1 



in close proximity to one another. This is sufficient for the 
material to perform as designed at standard temperatures and 
pre - e i 5 < e a-, 1 .1 , .11 , posed to e> Heme 
pressure and temperature for extended periods of time, die 

ted function roups pi Mo 1 loxan 

network can react such that, the part takes on a new set of 
mensio lomenon i led compression s 1 

the susceptibility of liquid injection molded silicone elas- 
tomers has limited their use in applications in high tesipera- 
lure, high stiess emnotim, nts. 

1 > mctl >f red 1 1 iprc n se 
eriics ot a liquid silicone, elastomer such that it is suitable for 
use in gaskets and seals for under the hood automotive appli- 

m 1 1 id 1 n • i 1 ts 1 ompi sioi 

needed. The f these <• < s is a >st bake to drive me 
possible teacuoas to completion In this technique, the part is 
cooked in an o\en for several hours at temperatures neai 
200T to drive the reaction ot any remaining functional 
groups to completion. By post-baking one type of LIM. the 
compre 1 1 t is reduced 1 m \ 1 c 1 ! ^ . i >( Vn 
alternative method is to Till the liquid silicone rubber with 
precipitated silica filler This results in a system with good, as 
molded, compression set values typically in the teen-. 

There are drawbacks to each method, which must be 
emphasized. In poa-bakmg a pat! the entire cveie lime of 

lbs) lorn 1 1 . 1 v " ' ' ~' : 1 ' " ' ! loiint of t 
post-bake. This severely detracts from the profitability of a 
liquid silicone system. When eompated to n heal uited elas- 
tomer, liquid silicones ate piofuabk v hen you can have last 
molding cycles II vou ate post-baking a pan for four hours, 
the aetu 1 mt kiing cycle is n it the rate li mti g step, fl ;re- 
ioie reduang the cvek time dots not ,a\e a kuge petscntugx 
of the total production time. As far as the precipitated system 
is concerned, the high filler loading results in a low tear sys- 
tem, and a very high specific gravity. 

A new method of achieving a low compression set in liq- 
uid injection molded silicone elastomer sy stems has been 
en ' devc . 11 id 1 stan rd iqti'ul in jet tion mold 
1 silicon* ! s me ysti mi t. nbinc witi 1 lib 
package to viel 1 1 1 - t produc ic rcsul 

ing liquid injection molded dlicone eiaMoinei has excellent 
ph> ;k il pi 1 enies 1 1 1 Lire eye! 1 1 pceifi grsvilx ncl 
;m as molded compression set of <20 b. 

This approach of creating a low compression set liquid 
injection molded silicone elastomer system has several 
id I, tge v ! ' d to the 01 e inett preci 

ed silica method, The specific gravity of the low CS liquid 
injection molded silicone elastomer is lower than the precipi- 
tated silica version. This results in a lower price per pari, as 
parts are filled by volume (Li and (he material is sold by 
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weight (gj, Fiii 11 5 computes the specific 
gravity oi warn s hq i I j ,„ iotuers 

The tear strength of die material also stif 
i'ers under the precipitated system. a> figure 
-,i i veil i tear strength not a 
cnlical component ut the pait design, it is 
ii el'ul in pan i\ s val a igh t ai trengtli 
Will result in fewer parts which need to be 
serappe< to tears: ng p in 

Ultimate material benefits are obtained 
when the low compression set properties are 
combined with the self-bonding attributes to 

t ! i H « >' > ■ ji i molded elastomer that has botl Ib< 
material is pcrleclh mod ior mulei-tl I >ot aut nothe 
applications, 

JMi'$focexsiny, 

\ he te in liquid i ijettion molded sihume elaslutttcis rei'ei , !o 
the method b\ \\l teh the sdoxane is piocessed. \u miectuai 
molding When the overall process mr<p of this method of 
pi iucin stknnnes uherm t lis < mpared to that of other 
injection molt U ast nnei n il nm pi, lis ma i\ sin 
larities can be seen. 

Tin I 1M material isjnunped in a td ja% into a statk 



Ts;bl«= 8 (uicf In i >t>l<l« iicone/l P pt upv, 



' Typical processing conditions 
Material type 

Tyfjical mold temperatures (*Ci 
Typical material processing 
Temperatures ;'C; 
Typical injection pressures (MPa) 
Typical cycle (sec.) 
Cure time (sec ; 



Silicone (LIM) 
Tnermoset 
149-204 
26 7-3/ i 



30 60 



Thermoplastic material 
T.iermoplciStic 
26.7-1C7.2 
204-399 

6tt.9<M37.89 
10-4C 








ttiiH! 

1' 



fi- for vct"'ir>o5 



3.5C 






'■ Typical ISR 








i'- Liq. inj. moid 


2.62 






Elastomer 


0.87 




il 






-'1 

, ii 







s< i and fed intc ,i iai I f the i c km moldi m 
nachine *i tic material is then fed i te the in ectiou noz/Je h\ 
ehher screv ..a a ram type unit, dej ending tin the stylo < 
the machine. The screw is the most enmnion method uf 
t f msler 1 ie m sir, il irit\ lo then iop i tt In ■ hile 
die ram/plunger method is gaining in popularity due to the 
high accuracy and iepcaiabilii\ if eaeii hot 1 material 
Until this pqia^fta ateaBriaMssAfiiinesl near root n temp i 
ami 1 1 i > in i' m ttmt i * , < curin it I ike tla 

hn I H! iUiiSl ' , ) i SC OIK e Cai 

present with the erosslinkei (i.e.. after the A and H are mixed 
in the static mixer) the material can cure at elevated tempera- 
' i J i H'* tl i ljtcted thiotmh a chilled no t to a 
heated mold I in molding takes pi ce for an where from 10 
41) seconds and then the mold opens and the part can be 
remi ed. The mold can 1 a side oi tine, lii I 

therunnc ! r c I i 1 h t 

cold runnei ;)ste a a esmatenal but ti tooling cost is usi 
ally higher, while a hoi runnei mold is a less expensoe uipi 
tal inveslment, but the entire runner will have to be scrapped 
becaust lii]tnd injeel m molded silicone el etomei ue the 
no s and ea i e i ised V coi pari hv of th old 
conditions tween I aid i jectioi end tee Hi meek 
tonii rs I'd en rmo tlastii is s ,o ■ i in ta! It f 

iquid injection molded silicons ekrston msareofn i used 
n mai discrete i tru ueh a baby tilt tipples Hop 
gaskets, washers, septa, o-rings, etc. 1 here are some jpplica- 
tions, ! owe\ I quit lore L ' . ' n, p 

* of I nc in wl i th ^ e , u <<. t ovet a thermo 
pla tic oi met i . i r is km s n < i i id 
eliminates the leed to i Idadis ete t she tnd assemble it 
with the carrier of cho.ee, tl ereb; generating productivity 
» ! lov er overall cost pe part. 

V hen overmt Iding, se "Mi con^iderati as must be tak rt 
into account, including the plastic used, the cycle lime of the 
ptocsss the njc .1)1 in i i]u> i mateiuil used 
and the molding design. The molding conditions must he 
e ducne a » ngii t ne lemn.]) sia a IT) sub ti 
over which you are molding in that T ". Tin of the material 
ui i compatible with the mol ei i e. t i e inj 
tn n pi "ssttt s ust i t defbrn : ] e too, i! nokting 
evel i num d that the pans l)e prd te > o 
o\ei molding >uch that the substrate dues not act tii, a heat 
sink and slow the curing process t„ an undesirable cycle 



Ultimate efficiency and design flexibility are made possible 
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through the use of two compotfen? of tWo-ghot fnolxflng, in 

v, inch ,n BTP pan is molded ami i 1 qui.i injc^ i i moldi I 
lb. on 1 im unci is molded ovei the pi isik part in ,i single 
proio-s Ki ilIii ' - 'lie coal . f molding a 'humosu and a 
thermoplastic in one pn s s tit - i to btcul, the 
overall procedure into (luce separate steps: 

• The injection molding of the FTP initiates the whole 
prove sand is test s i mill tl im i econds 

* W hile the material ts still hot. the mold opens, and the 
pan is transferred to the liquid injection molded silicone 
elastomer tool in step two. 

» Then the liquid injection molded silicone elastomer is 
molded i. ii i I tl 111 1 J ompleu te ( le I he mold 
tpens. a completed | irt is removed, and tin cubic pioeess 

1'he key to the entin process is the transfei ol the I IP 
part to tiie silicotic inoldtna section, and there are thiee 
methods wherein this can be achieved: Rotary plate, 
retractable core; and rotary platen. 

Rotary pLae 

1 I i ' i . tile medio f iv mpo lent mold- 

in? utilizes . i < laii'iy pi ie io runsfei the ! I 1' to ilk liquid 
injection molding section In a rotating plat, design the 
theimoplastie is injected into the thermoplastic mold and is 
cooled in the mold to a certain degree. Once the structural 

i ii 'i , i - en sail i iv achieved, tiu >l 
open-, and the part is removed from both sides of the mold 

I it j art ' > held by a < 1 tea p etc whit i i< rot tie I m b m , 
the plastic pari now \ i tween die two heated 

halves of the liquid injection molded silicone elastomer 
m< J 'I Iv iik • o > id h ■ do ik i molded tl »; til ' 

1 >l | I I 1 S j 1 I p I s _ |0l d il IV 

previous. ut\ih at the same lime. Once the ebstomei mold- 
iii ^ L is complui. tf k n old j m a , u <. petal s bom 
both sides of the pan. the part is removed, the center plate 
i c h< m ikl closes, 1 the whole molding pn cess , 
repeated. A schematic of this type of design is shown in fig- 
ure 7. 

By having n >mj t 1 dedic ted i jt L njc tit n 
a Id i, ; ide 1 i Idi into a mpli c hei no) \t lie sid ', 
the mold it s[ ble i n d tin I torn onto both sides 
of the pat I his abihi) oILts significant design fie sibility . 
I > ' 1 1 ■ ' p is ,i hn, t ; iges "[ he pun 
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SILICONES 

Comparing Liquid and High 
Consistency Silicone Rubber 
Elastomers: Which Is Right for You? 

Byron E. Wolf 

Silicone elastomers have been employed for many years in the manufacture of medical devices, 
medical device components, and medical tubing. They have found use in a variety of critical -care 
and life-enhancing applications such as hydrocephalic shunts, pacemaker lead coverings, catheters, 
replacement finger joints, and pump diaphragms. 




Low viscosity makes liquid silicone rubbers suitable for 
molding applications requiring complex, intricate molds. 
Photos: Dow Corning Corp. 



These elastomers are commercially available in two types: millable high consistency silicone rubber 
and pumpable liquid silicone rubber. For companies entering the device manufacturing market or 
expanding current operations, the type of silicone rubber selected will determine the equipment, 
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floor space, and labor requirements necessary to perform the device fabrication process. 
ELASTOMER CHEMISTRY AND PROPERTIES 



.Silicone elastomers are proprietary compositions that conta in silicone polymers, reinforcing and 
extending fillers f and cure ingredients. 

Silicone Polymers. The polymers used in silicone elastomers are of the general structure depicted 
in Figure 1, where R represents -OH, -CH=CH2, -CH3, or another alkyl or aryl group, and the 
degree of polymerization (DP) is the sum of subscripts x and y. For high consistency silicone rubber 
elastomers, the DP is typically in the range of 5000 to 10,000. Thus, the molecular weight of the 
polymers— generally called gums—used in the manufacture of high consistency silicone rubber 
elastomers ranges from 350,000 to 750,000 or greater. In liquid silicone rubber elastomers, the DP 
of the polymers used typically ranges from 10 to 1000, resulting in molecular weights ranging from 
750 to 75,000. The polymer systems used in the formulation of these elastomers can be either a 
single polymer species or a blend of polymers containing different functionalities or molecular 
weights. The polymers are selected to impart specific performance attributes to the resultant 
elastomer products. 

Figure 1. Chemical structure of typical silicone elastomers. 
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I Reinforcing Fillers. Many manufacturers use reinforcing fillers to add strength to the finished 
elastomer product. Typically, these fillers are amorphous fumed silicas, although the use of 
precipitated silicas has increased in recent years. Particle sizes of standard reinforcing fillers 
normally fall within the range of 5 to 20 nm in diameter. 

The reinforcement that occurs is the result of interaction between the polymer and the filler, whose 
surface typically has a silanol functionality. Because of the hydrogen bonding initiated by this 
silanol functionality, the interaction between polymer and filler can actually become so significant 
that it results in elastomers that are extremely stiff, giving the appearance of a cross-linked 
system. This phenomenon-commonly referred to in the industry as crepe-can be reversed, 
because it is possible to break down the hydrogen bonding through the addition of shear energy in 
the form of mixing or milling. 

To achieve a level of polymer and filler interaction that provides a stable product while maintaining 
the reinforcing nature of the filler in the elastomer, a treatment, or pacification, of the silanol 
species on the reinforcing filler is necessary. This is typically carried out either through the addition 
of silanol-endblocked polydimethylsiloxane oligomers or via a capping reaction using reactive 
silanes or silazanes. 

Extending Fillers. In order to impart particular performance attributes to silicone elastomers, 
extending fillers are sometimes employed. Examples of some common ones in the medical device 
industry include barium sulfate, used to produce radiopaque products, and titanium dioxide, a 
pigment that serves as a whitener. 
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Low viscosity makes liquid silicone rubbers suitable for molding applications requiring complex, 
intricate molds. 

CURE MECHANISMS 

Two major cure mechanisms are used in the manufacture of silicone rubber elastomer products: 
free radical cure and addition cure. 

Free Radical Cure. Free radical cure systems employ peroxide catalysts that are either vinyl 
specific or nonspecific in nature. Adding heat causes the peroxide to decompose into two free 
radicalcontaining components, which then react with either an alkyl or a vinyl species along the 
polymer backbone, transferring the free radical to the silicone polymer. The cross-linking 
mechanism is terminated by the reaction of the free radical on the polymer chain with an alkyl 
species on another polymer chain. 



Nonspecific peroxides— such as bis(2,4-dichlorobenzoyl) peroxide or benzoyl peroxide— do not 
require the presence of vinyl or other unsaturated alkyl species in the polymers making up the 
elastomer formulations. These peroxide catalysts are commonly used in extrusion, but may also be 
appropriate for certain molding applications. Vinyl specific peroxide catalysts— for example, dicumyl 
peroxide or 2,5-bis(tert-butyl peroxy)-2,5-dimethyl hexane-require the presence of vinyl or other 
alkenyl species in the polymers contained in the elastomers. These vinyl specific catalysts do not 
perform well in extrusion applications, and are thus limited to use in molding. 

A serious drawback to the use of peroxide cure in silicone materials is that it leaves residues in the 
cured elastomer, including acid by-products and polychlorinated biphenyls (PCBs). If the acid 
residue is not removed, it can manifest itself as a powder that forms on the part surface —a 
phenomenon commonly referred to as bloom. The application of an oven cure or postcure cycle is 
generally required to remove these by-products from the cured parts. 

Despite this time-consuming postcure processing needed to eliminate residues, silicone elastomers 
incorporating the free radical peroxide cure are still widely used. Such elastomers are supplied 
either with the peroxide already formulated into the material, or uncatalyzed, in which case the 
fabricator adds the peroxide at the time of use. Examples of medical devices and components 
manufactured from peroxide cured, high consistency silicone rubber elastomers include tubing, 




There is little difference between liquid and high 
consistency silicones in terms of physical properties. 



http://www.devicelink.com/mpb/archive/97/07/003.html 



4/7/2010 



Comparing Liquid and High Consistency Silicone Rubber Elastomers: Which Is Right for... Page 4 of 8 



pacemaker-lead coverings, and hydrocephalic shunts. No liquid silicone rubber elastomers that use 
the free radical peroxide cure mechanism are commercially available. Table I lists typical properties 
obtained in high consistency silicone rubber elastomers cured via peroxide. 

Addition Cure. The addition cure mechanism-known as hydrosilylation-involves the addition of a 
silicon hydride (*SiH) to an unsaturated carbon-carbon bond in the presence of a noble metal 
catalyst. The most commonly used of these hydrosilylation catalysts are based on platinum, 
although palladium and rhodium catalysts are also available. In order for the cure to occur, the 
silicone polymers contained in the elastomers must include a vinyl or other alkenyl functionality. 
Both high consistency and liquid silicone rubber products can employ the addition cure mechanism. 
Elastomers featuring this type of cure system are supplied as two-part kits: one part contains the 
catalyst species, the other a silicon hydridefunctional cross-linker and an inhibitor to provide 
working time once the two parts have been mixed. 

The major advantage of addition cure for elastomers is that the cure reaction produces no by- 
products. Therefore, postcuring of the elastomer is normally not necessary, although a postcure 
cycle is sometimes performed to stabilize or enhance the properties of the finished product. 
Addition cure is inhibited by contact with materials containing amines, sulfur, phosphorous, tin 
complexes, peroxides, and peroxide by-products, and care must be taken to avoid contamination 
by any of these materials. 



Outcrm tar hardness, Shore ft If 



Tensile strength (psi) 



Table I. Typical properties obtained in high consistency silicone rubber elastomers cured via 
peroxide. 
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Table III. Typical properties obtained in liquid silicone rubber elastomers with addition cure. 

Medical devices or components made from addition cured, high consistency silicone rubber 
elastomers include tubing, pump diaphragms, and catheters. Among the devices made from 
addition cured liquid silicone rubber elastomers are pump diaphragms, external male catheters, 
and wound-drainage bulbs. Typical properties obtained with an addition cure system for high 
consistency and liquid silicone rubber elastomers are listed in Tables II and III, respectively. 

MATERIAL APPLICATIONS AND PROCESSING 

As the data in Tables I, II, and III indicate, there is little difference between high consistency and 
liquid silicone rubber elastomers in terms of physical properties, regardless of the cure chemistry 
used. However, because of the disparity in the material types, the processing of these materials 
and their fabrication into medical devices vary significantly (see Figure 2). 



High consistency silicone rubber elastomers are ideal for use in extrusion because of the high 
viscosity polymers used in their formulation. The resulting products show very good green 
strength, which is the ability of the material to retain its extruded profile in the uncured state. 

Liquid silicone rubbers, on the other hand, do not perform well in most standard extrusion 
applications because their viscosity is so low that they flow under little, if any, shear stress. Their 
utility in such applications is therefore limited to supported extrusion— that is, extrusion onto 
another substrate. Sleeving and membrane films are two examples of supported extrusion 
applications. 

Both high consistency and liquid silicone rubbers are used extensively in the molding of elastomeric 
devices and device components. High consistency elastomers are typically molded using transfer or 




Figure 2. Comparison of processing steps in molding of 
high consistency silicones (top), extrusion of high 
consistency silicones (middle), and molding or extrusion of 
liquid silicones (bottom). 
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compression molding techniques, both of which are labor-intensive. Liquid silicone rubbers are 
molded in highly automated injection molding systems. Given their significantly lower viscosity, 
liquid silicone rubber elastomers find utility in molding applications that require highly complex and 
intricate molds. Their ability to be molded in automated injection molding systems also lends itself 
to production runs involving large numbers of molded parts. 

Processing High Consistency Silicone Rubbers. The processing of high consistency silicone 
rubber elastomers involves five steps: mill softening and catalyzation, preparation of a preform, 
extrusion or molding, vulcanization, and finishing. 

Mill Softening and Catalyzation. The initial step in the processing of high consistency silicone rubber 
elastomers for use in either extrusion or molding applications is mill softening and catalyzation. 
This procedure reverses any "crepe hardening" that has occurred in the elastomer during storage in 
inventory at the supplier or fabricator. The milling is also used by fabricators to add peroxide 
catalyst to a free radical cured elastomer, if necessary, or to blend the two parts of an addition 
cured elastomer prior to fabrication. 

Milling and catalyzation are not only labor-intensive, but also require the use of a two-roll mill, 
which costs approximately $60,000 to purchase and install. The elastomer is passed through the 
mill numerous times until the compounded material is homogeneous, then removed in sheet form 
for further processing. 

Preparation of a Preform. Once a high consistency elastomer is fully compounded, the next step in 
the fabrication process is the preparation of a preform. This requires no special equipment but is 
very labor-intensive, particularly in high volume applications that are almost continuous in nature. 
For extrusion and injection molding applications, the preform is prepared simply by cutting the 
elastomer sheet into strips, which are used to feed the extruder. For transfer molding operations, 
the preform is typically cut with a die-cutter into a plug that will fit in the transfer reservoir of the 
transfer press. For compression molding applications, the process is slightly more complicated, 
since the preform must be cut in the basic geometric configuration of the final part. 

Extrusion. For high consistency elastomers, extrusion is accomplished using a single-screw 
extruder. The preformed strips are fed to the extruder from a roller feed wheel into the extruder 
barrel, and the elastomer is extruded through a die and mandrel assembly to form the desired 
profile. It is also possible to carry out supported extrusion with high consistency silicone elastomer. 
This is achieved by fitting a crosshead assembly onto the extruder, passing the supporting 
geometry through the crosshead, and extruding a layer of silicone rubber over it. 

The cost of an extruder appropriate for medical applications is approximately $100,000, including 
installation. However, most extrusion system fabricators equip their machines with laser 
micrometers and feedback controllers to monitor product quality, an enhancement that adds 
significantly to the cost of setting up an extrusion process. In addition, extrusion can be considered 
labor-intensive, since it requires the presence of an operator at all times to ensure that the 
extruder has a constant supply of elastomer and is operating properly. 

Molding. High consistency silicone applications vary with the type of molding equipment used. 
Transfer and injection molding processes require operational personnel to load the elastomer into 
the equipment and to demold the finished parts. For compression molding, operators must place 
preforms in all the individual cavities in each mold. Because of the relatively slow cure cycles 
employed with high consistency elastomers, it is possible for the molds to have large numbers of 
cavities. The cost of installing a transfer or injection molding press is approximately $1000 to 
$2000 per ton of clamp force. Compression molding presses are considerably less expensive. 
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Vulcanization. Vulcanization of the extruded product is typically achieved with hot-air vulcanizing 
ovens, or HAVs. These HAVs are available in both horizontal and vertical configurations. In the 
horizontal models, the extruded profile is laid on a continuous belt and passed through the oven, 
where hot air is forced over the extrudate to initiate the vulcanization mechanism. In the vertical 
oven configuration, the HAV is equipped with a variable-speed drum at the top to pull the extruded 
profile upward through the oven, where it is cured. The cost of a typical HAV oven is approximately 
$30,000. Other types of vulcanization ovens employed include radiant-heat ovens and steam 
autoclave ovens. 

Finishing. The degree of finishing required depends on the specific application. For extrusion 
processes, finishing involves visual inspection and cutting of the tubing into specified lengths. If the 
tubing has been cured with a peroxide, the finishing process also entails an oven postcure to 
remove peroxide by-products. For molding applications, finishing includes the trimming or 
deflashing of the molded parts, often using die-cutting machinery to cut the individual parts from a 
larger molded sheet, and any oven postcuring that is necessary. In addition to wasting material, 
finishing of high consistency silicones is labor-intensive and requires additional equipment such as 
ovens and die-cutters. However, this equipment is relatively inexpensive to purchase. 

Processing Liquid Silicone Rubbers. In contrast to high consistency materials, the processing of 
liquid silicone rubber elastomers requires only three steps: meter-mixing, molding, and finishing. 
The major advantage of the liquid silicone rubber system is that it is designed to be used in highly 
automated, closed systems, with very little labor required once the system has been put into 
operation. 

Meter-Mixing. The initial step, meter-mixing, is performed using pneumatic pail or drum pumps. 
These pumps deliver the two parts of the liquid silicone rubber-at a 1:1 ratio-to a multielement 
static mixer, where the two parts are airlessly mixed until they are homogeneous. Meter-mix 
systems have improved tremendously over the years, and also allow for the controlled 
incorporation of other additives, such as pigments. The cost of a meter-mix system is 
approximately $15,000 to $25,000. 

Molding. The molding of liquid silicone rubbers is accomplished using modified plastic injection 
molding machines. These machines are highly automated and, once operational, require almost no 
labor to operate. Such equipment costs approximately $1000 to $2000 per ton of clamp force 
required. The greatest expense in the molding of liquid silicone rubber elastomers is the cost 
associated with the design and production of the mold itself. Depending on complexity, a mold can 
cost from a few thousand to several hundred thousand dollars. The recent introduction by several 
suppliers of all-electric molding machines bodes well for the future of liquid silicone rubber injection 
molding in the medical device industry, since these units can be used in cleanroom environments, 
from which typical hydraulic machines are precluded because of potential contamination by 
hydraulic fluids. 

Finishing. For typical applications, finishing operations are not necessary in liquid silicone rubber 
injection molding systems. The molds, if properly tooled, produce minimal flash, eliminating the 
need for trimming. Likewise, because these materials use the addition cure mechanism, a postcure 
cycle is not required, although it may be performed to stabilize or enhance the properties of the 
cured parts. 

CONCLUSION 

The selection of the right type of silicone rubber elastomer for a specific use is largely a matter of 
personal preference and availability of equipment. There is little observable difference between 
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peroxide cured high consistency silicone rubbers, addition cured high consistency silicone rubbers, 
and liquid silicone rubbers in terms of physical property performance. However, the materials differ 
significantly in terms of the processing necessary to fabricate medical devices and components. 

For extrusion applications, high consistency silicones are the material of choice. Liquid silicone 
rubbers do not exhibit the green strength necessary to maintain extruded profiles until they can be 
vulcanized. Either peroxide or addition cure systems can be used, although peroxide systems do 
require an additional postcure step. 

For molding applications, either high consistency or liquid silicones are acceptable. For facilities 
already processing high consistency elastomers, continuing with the same type of material may be 
the most efficient and cost-effective course of action. However, new operations entering the 
marketplace should give serious consideration to using liquid silicone rubber, because the capital 
costs and labor involved are significantly lower than those associated with the processing of high 
consistency material. Whatever the choice, an extensive knowledge base exists to provide technical 
assistance, and material and equipment suppliers alike are available to share their expertise and 
help ensure manufacturing success. 
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Silicone Elastomers 



1 Introduction 



LI Nomenclature 



Silicone elastomers arc clastic substances which 
contain linear silicone polymers crossitnked in a 3- 
dimensional network, 

lit most cases this network also contains a filler which 
acts as a reinforcing agent or a* art additive for certain 
_ mechanical, chemical or physical properties. 

In general al I silicone* (usually we refer to silicones as 
poly dimethyl silosanes) are noted lor their high thermal 
stability, biocoropalibility. hydrophobic nature, 
electrical and release properties. When silicones arc 
cross linked to form f.^hcorv rubbei 'JiciriharaclewMic 
properties arc still prevalent. Hence silicone elastomers 
can be widely used m a great variety of applications. 
Sonic examples are shown in Table I These will be 
dteJetfbediflr-lUBrc detail v\ hen concentrating on specific 
groups of materials and applications. 

We will not refer loo much to silicone adhesive* in 
this article, in spite of the fact that they form silicone 
elastomers when being cured. These materials have 
been referred to extensively in the literature {&. I f a.2). 



"the n.otnenelaittreclassllies ^Itewneelasfomersby their 
curing mechanism and curing conditions. Silicone 
rtibberf ;. mt ctt&tiatty divided into two groups tif 
materials, i.e., room temperature vulcaaWBg CKrV)«tKl 
high temperature vulcanising {WW). RTV systems arc 
able to cure at room tempera in re and HTV systems at 
temperatures well aN»vc KM) l 'C , A mtmher in the name 
indicates the minibci of components, that upon mixing 
will form a curable eoiipodtleo, e.g., KTV-2, 

'HTV robbers are mainly K»-caled'So!W silicone rubbers. 
They have a very high viscosity in the unoured state and 
appear i» solids- This behaviour has also led to the 
creation of tire term 'High Consistency Rubber' (HCR). 

\ppo>\mi atety 25 years ago anew group of materials 
appeared dial was intended for processing in injection 
moulding machines. Because of their low viscosity ami 
paste- like behaviour they were named liquid silicone 
rubbers (LSk) or simply liquid rubbers (LR). It is 
common to use LSR or LR as an abbreviation instead 
of HTV, /even (bough they vuleajilse at high 
temperatures as in the case of solid silicone rubbers. 



ROHSTOFFE UIMD ANWENDUNGEIM 

RAW MATERIALS AND APPLICATIONS 
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Elastomers • Silicone rubbers ■ 
Nanocomposites ■ Carbon nanotubes 

in the recent years, carbon nanotubes 
have been the subject of a great scien- 
tific interest on account of their excep- 
tional properties. Their use in polymer- 
based nanocomposites remains limited 
due to problems encountered with their 
dispersion and interaction in the Host 
matrix. Nevertheless, an outstanding 
affinity of carbon nanotubes towards 
poly(dimethylsiloxane) (PDMS) has 
h'Vn demonstrated. Tiny amounts of 
multiwall carbon nanotubes are re- 
quired to bring significant changes in 
the mechanical, electrical and thermal 
properties of PDMS. 



Kohlenstoff Nanorbhrchen: 
aufcergewohnliche Fullstoffe fiir 
Silikonkautschuk 

Elastomere • Silikonpolymere • 
Nanoverbundstoffe • Kohlenstoff 
Nanorohrchen 

Soil emigen Jahren erfreuen sich 
Kohlenstoff Nanorohrchen (CNT), ihrer 
aulseryewohnlichen Eigenschaften 
wegen. eines groden wissenschaft- 
lichen Interesses. Ihre Verwendung in 
polymeren Verbundwerkstoffen ist 
begrenzt durch die bei der Dispersion 
und der We>.hSi.kMrl,ung nut der Matrix 
auftauchenden Schwierigkeiten. Nichts 
desto Trolz wird eine besondere Aflini- 
tat der CNTs zu Poly(dimethylsiloxan) 
(PDMS) festgestellt. Geringe Men; 
wandiger CNTs werden b 
lechanische, elektrische 
sche Eigenschafter 



Carbon Nanotubes: 
Exceptional Reinforcing Fillers 
for Silicone Rubbers 



Poly(dimethylsiloxane) (PDMS) has long 
been known to be a high performance ma- 
terial on account of its high thermal stabil- 
ity and its very low glass transition 
perature. But in order to take advanta; 
these properties, PDMS requires f in most 
applications, to be reinforced by fillers to 
improve its mechanical properties which 
are weak in the unfilled state. 
PDMS and silica particles have been suc- 
cessfully used to prepare composites with 
greatly improved properties such as 
strength, stiffness and wear resistance [1]. 
The effectiveness of the reinforcing agent 
has been shown to depend on several pa- 
rameters including filler morphology and 
especially surface characteristics [2]. Actu- 
ally most studies ascribe the increased stiff- 
ness and strength, imparted by silica to the 
elastomeric matrix, to hydrogen bonding 
between hydroxyl groups on the silica sur- 
face and PDMS chains. 
The last few years have seen the extensive 
use of nanoparticles because of the small 
size of the filler and the corresponding in- 
crease in the surface area, allowing to 
achieve the required mechanical properties 
at low filler loadings. A reinforcement tech- 
nique based on the incorporation of silica 
through a sol-gel in situ precipitation was 
developed by Mark et al. [3-8] for essential- 
ly silica filling of silicone rubbers. The sol-gel 
process prevents the formation of large sil- 
ica aggregates frequently obtained by the 
usual blending of the filler into the polymer 
prior to its cross-linking into an elastomeric 
network and allows good control of the size 
and distribution of the particles within the 
matrix [9]. Other nanofillers, having large 
surface areas and aspect ratio, such as lay- 
ered silicates or carbon nanotubes, are of 
prime interest as reinforcing agents for elas- 
tomeric matrices. If delamination of the 
stacked clay nanoplatelets or breaking down 
of bundles of aggregated carbon nanotubes 
are achieved, significantly enhanced proper- 
ties are expected with regard to the unfilled 
polymers or conventional composites. 



In the recentyears, carbon nanotubes have 
attracted considerable interest on account 
of their remarkable mechanical and electri- 
cal properties. Carbon nanotubes consist of 
ir more concentric graphitic cylinders 
with typical diameters ranging from about 
1 to tens of nanometers and lengths of sev- 
micrometers (even millimeters or cen- 
timeters). The key parameters which deter- 
mines the usefulness of carbon nanotubes 
as reinforcing fillers for elastomers are their 
effective dispersion within the matrix and 
the interfacial interactions between the 
polymer and the filler. Actually, one of the 
main problem with carbon nanotubes is 
their strong tendency to form agglomerates 
which act as defects in the composite and 
limit the mechanical performance of the 
resulting material. Despite the significant 
advances made on the processing of poly- 
mer composites, up to now poor dispersion 
and lack of interfacial adhesion between 
the tubes and the polymer matrix have 
been shown to limit the full realization of 
the filler properties for a nanoscale rein- 
forcement. Even if improvements in the 
composite tensile stiffness are observed, 
strain at break is often degraded as a result 
of the presence of bundles within the poly- 
mer matrix [10-14]. 

Some studies report the use of carbon na- 
notubes in silicone based elastomers. Frog- 
ley et al. [15] analyzed the mechanical prop- 
erties of a silicone rubber reinforced with 
single-wall carbon nanotubes (SWNTs). The 
initial modulus is shown to increase sharply 
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with the filler content but a reduction in 
ultimate strain is obtained. Another study 
of the same group proves by atomic force 
microscopy the complete and spontaneous 
wetting of a nanotube by a liquid of PDMS 
[16]. Park et al. [17] mention a sudden in- 
crease in viscosity when MWNTs and the 
hardener were mixed and added into the 
silicone rubber at maximum filler contents 
limited to 0.7 wt% on account of retarda- 
tion effects on the cross-linking process at 
concentrations approaching 1 wt%. A spec- 
tacular increase in viscosity has also been 
observed upon adding MWNTs to the un- 
filled PDMS at filler loadings between 
0.1 wt% and 0.3 wt% [18]. This increase in 
viscosity at extremely low filler content was 
assumed, through modeling studies, to be 
connected to strong CH-ir interactions be- 
tween the PDMS methyl groups and the 
-it-electron-rich surface of the carbon nano- 
tube. This unexpected affinity of CNTs for 
PDMS opens the way to the production of 
new materials with highly improved me- 
chanical and electrical properties. Taking 
advantage of our knowledge of the molecu- 
lar mechanisms of reinforcement of PDMS 
by different types of fillers [1], we decided 
to carry out an analysis of effects provided 
by the incorporation of carbon nanotubes 
in silicone rubbers. 

In this paper, we report investigations per- 
formed on PDMS filled with multiwall car- 
bon nanotubes (MWNTs. Synthetic aspects 
as well as mechanical, electrical and ther- 
mal properties are discussed. Additionally, 
Raman data are provided. 

Experimental section 

Synthesis of the unfilled networks 
Unfilled PDMS networks can be obtained by 
end-linking polymer chains by means of a 
multifunctional cross-linking agent. This 
type of process using bifunctional polymers 
of known molecular weight reacting with 
adequate multifunctional reagent are wide- 
ly used to obtain elastomeric networks with 
structures expected to be as close as possi- 
ble to ideal. Samples can be obtained by the 
hydrosilylation reaction (i.e., the addition of 
a silyl function -SiH of precursor chains of 
hydride-terminated PDMS to an unsaturat- 
ed C=C bond of the cross-linking molecule 
[19] or the addition of vinyl functional poly- 
mers to a SiH group of a tetrafunctional si- 
loxane [9]). In both cases, the hydrosilyla- 
tion reaction is catalyzed by a platinum 
complexe (i.e., platinum-divinyltetrameth- 
yldisiloxane). Alternatively, terminal silanol 
functional PDMS are able to condense to 



alkoxy systems (the most widely used being 
tetraethoxysilane or TEOS) under a tin com- 
pound catalyst. Nevertheless the reaction 
between hydroxyl-terminated PDMS and 
TEOS is difficult to control and, to be effi- 
cient, requires, as often reported in the lit- 
erature [20, 21], larger amounts of TEOS 
than the stochiometric equivalent. A typical 
synthesis started from OH-terminated pre- 
cursor chains is described below. 
Hydroxyl-terminated PDMS (Mw = 18000) 
supplied by Gelest is mixed for half an hour 
with TEOS, in excess of 50 %, and used here 
as the cross-linking agent. A small amount 
of stannous-2-ethyl-hexanoate used as 
catalyst, is then added to the mixture under 
magnetic stirring justfor 5 minutes to avoid 
cross-linking reaction during mixing. The 
reacting mixture is slowly cast into a Teflon 
mold and left a few minutes at room tem- 
perature then at 80 °C for one day for com- 
plete curing. The films are extracted with 
toluene for 72 hours to remove any unre- 
acted materials. The sol fractions are be- 
tween 4 and 5%. 

In the previous studies, PDMS networks 
were synthesized by using a stochiometric 
balance between ethoxy groups of the 
tetrafunctional alkoxysilane cross-linker 
and the hydroxyl chain ends of the hydroxyl- 
terminated PDMS precursor chains in order 
to get model networks characterized by 
constant junction functionality and known 
molecular weight between cross-links (close 
to the number-average molecular weight of 
precursor chains) [3-8]. In fact, networks 
prepared at stoichiometric conditions have 
an elastic modulus lower than that deduced 
from the molecular weight between cross- 
links and great soluble fraction (around 
10%). This may be due to the volatility of 
TEOS thus reducing the amount of cross- 
linker required for the alkoxy-functional 
condensation reaction. Much greater ratios 
of cross-linker functions to chain ends than 
that required by stoichiometry have already 
been used in the literature [20, 21] but in 



our case, we carried out a systematic study 
of the effect of excess of TEOS on the me- 
chanical properties of networks synthe- 
sized from OH-terminated chains. A 50% 
excess (and not higher values as already re- 
ported) are enough to ensure correct modu- 
lus and reasonable soluble fraction. 

Procedures for composite preparation 
Multiwall carbon nanotubes (MWNTs) were 
purchased from Nanocyl S.A. (Belgium). In 
this study, we have used the Nanocyl 7000 
series (purity : 90%) produced via the cata- 
lytic carbon vapor deposition process with- 
out any further purification. Their average 
diameter and length are around 10 nm and 
1.5 urn respectively and their surface area 
between 250 and 300 m 2 .g _1 . 
Since PDMS is a fluid liquid before the cross- 
linking reaction, carbon nanotubes can be 
directly sonicated into the polymeric me- 
dium. Nevertheless, solution processing in 
a suitable solvent of the composites yields 
better nanotube de-aggregation and dis- 
persion. As already mentioned, a uniform 
and homogeneous dispersion is required for 
an optimal utilization of the nanotubes as 
efficient fillers. Different solvents have 
been tested and it appears that dispersing 
the nanotubes in isopropyl alcohol by ultra- 
sonication gives a stable dispersion one 
week after the preparation (Fig. 1). 
Nanocomposites were prepared using the 
following protocol: first the appropriate 
amount of MWNTs was dispersed into iso- 
propyl alcohol (O.lmg/ml) by sonicating 
the suspension for 30 mn using a Vibra-Cell 
VCX 500 operating at 40% amplitude with 
on and off cycles respectively equal to 5 and 
1 seconds. Then the dispersion was added 
to PDMS and the system was mechanically 
mixed until total evaporation of the solvent. 
The cross-linking agent is then introduced 
under magnetic stirring for around 20 min- 
utes and after addition of the catalyst and 
further mixing, the uncured mixture is 
poured into a manual applicator with 4 pre- 
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set film thicknesses (Fig. 2a). It has to be 
mentioned that the final mixture displays, 
with regard to the unfilled PDMS, a very 
strong increase in viscosity indicating inter- 
facial interactions between polymer chains 
and carbon nanotubes. Despite the increase 
in viscosity, strips of thickness around 
400 (am are easily drawn across a glass 
plate recovered with a Teflon film and left 
at 80 °C for one night for complete curing 
(Fig. 2b). 

Methods of characterize tion 
Measurements of mechanical properties 
and equilibrium swelling were carried out in 
the usual manner. 

Stress-strain measurements reported here 
were carried out by simply streching strips 
of 50 x 5 x 0.4 mm 3 between two clamps by 
means of a sequence of increasing weights 
attached to the lower clamp. The distance 
between two marks is measured with a 
cathetometer after allowing sufficient time 
(10 min after adding a weight) for equilibra- 
tion. 

To determine the equilibrium swelling of 
the vulcanizate, a sample of 
20mm x 10mm x 0.4mm was put into cy- 
clohexane. After 72h at room temperature, 
the length and width of the sample were 
measured with a caliper square. The weight 
swelling ratio, O, was determined from the 
lengths of the sample in the unswollen and 
swollen states. 

Differential scanning calorimetry measure- 
ments (DSC) were carried out on a TA DSC 
2820 instrument from room temperature to 
-150 °C with a cooling rate of 1.5°C/min un- 
der N 2 atmosphere. 

Electrical resistivity measurements were 
determined on samplesof 10 x 20 x 0.4mm 5 
by measuring their resistance on a high re- 
sistance meter (Keithley 6517A) between 
" two conductive rubber electrodes with an 
alternative voltage of 1 V. This alternative 



voltage is needed to avoid a background 
current effect The measured resistances R 
were then converted into volume resistivity 
p by using this equation: 



where S is the cross-sectional area perpen- 
dicular to the current and d the thickness of 
the sample between the two electrodes. 
Infrared spectra were obtained on a Tensor 
27 from Bruker equipped with a Golden 
Gate single reflection attenuated total re- 
flectance (ATR) system. ATR spectra were 
recorded with a resolution of 4cm 1 and an 
accumulation of 32 scans. 
The Raman spectra were recorded in the 
backscattering geometry on a Labraml 
(Jobin-Yvon, Horiba Group, France) micro- 
spectrometer in conjunction with a confo- 
cal microscope. To avoid any thermal photo- 
chemical effect, we have used a minimum 
intensity laser power on sample of 370 (.tW 
with the 514.5 nm incident line from an 
Ar-Kr laser from Spectra Physics. Detection 
was achieved with an air cooled CCD detec- 
tor and a 1800 grooves/mm, giving a spec- 
tral resolution of 4cm" 1 . An acquisition time 
of 120s was used for each spectrum. The 
confocal aperture was adjusted to 200 um 
and a 50 X objective of 0.75 numerical aper- 
ture was used. 

Results and discussion 
With regard to the unfilled matrix, signifi- 
cant increases in mechanical properties are 
observed upon addition of small amounts 
of MWNTs (Fig. 3). The elastic modulus of 
the unfilled network, found equal to 
0.136 MPa from the slope of the nominal 
stress against (a -a' 2 ) is in perfect aggree- 
ment with the theoretical one (pRT/M c ) cal- 
culated from the molecular weight between 
cross-links, M c . 



A great deal of theoretical work has been 
carried out in order to model the mechani- 
cal properties of rod-like particle reinforced 
composites. The Guth equation [22] based 
on the aspect ratio, f, and volume fraction, 
((>, of filler, predicts a strong increase in 
modulus at high volume fraction: 
E = E 0 (l + 0.67f(|> + 1.62f 2 ct> 2 ) (2) 

(E and E 0 are the moduli of the composite 
and the unfilled elastomer, respectively). 
The Halpin-Tsai model [23] yields, for aligned 
fibre composites and in conditions where 
the modulus of the fiber, E f , is much higher 
than that of the unfilled matrix (as in elas- 
tomeric composites): 

E = E, (l + 2f 4>)/(l -« (3) 
The dependenceofthe experimental elastic 
modulus on the volume fraction of filler is 
much higher than that predicted by the two 
mechanical models using f=l50 from the 
dimensions of the individual nanotubes 
(Fig. 4). Filler-rubber interactions could ex- 
plain the large difference between the me- 
chanical models and the tensile behavior of 
our samples. 

CH-n interactions were suggested to be in- 
volved between the n-electron-rich surface 
of the carbon nanotube and the PDMS me- 
thyl groups [18]. This type of interactions 
widely discussed by Nishio [24] was mostly 
evidenced by infrared spectroscopy. These 
weak hydrogen bonds are expected to af- 
fect the vibrational frequencies of the me- 
thyl group modes. CH 3 asymmetric and 
symmetric stretching vibrations are respec- 
tively located at 2964 and 2905 cm' 1 in the 
ATR-infrared spectrum of the unfilled PDMS 
while the CH 3 bending vibrations appear at 
1412 and 1257 cm' 1 . These absorption bands 
do not suffer any shift in the ATR spectrum 
of PDMS with with carbon nanotubes 
(Fig. 5). A same conclusion can be drawn 
from the analysis of the Raman spectra 
where the bands associated with the 
stretching modes of the methyl groups are 
well-defined and more intense than in the 
ATR spectra (Fig. 6). The only change ob- 
served in the Raman spectra concerns the 
band located at 712cm" 1 for the unfilled 
material. This band which is assigned to the 
Si-C symmetric stretching [25, 26] is shifted 
at 709' 1 in the Raman spectrum of the com- 
posite. At the present time, we do not know 
whether this particular vibration reflects a 
change in polymer conformation or not but 
if some interaction exists between the 
PDMS chain and the nanotube surface, it 
does not seem to affect the stretching and 
bending modes of the methyl groups. 
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O Stress-strain curves for pure PDMS (formed from silanol 

terminated precursor chains of moleculai weight 18000) and for 
PDMS/MWNTs composites 
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O Experimental elastic modulus as a function of filler volume 
traction and comparison with predictions of the Guth and 
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H Raman spectra of unfilled and filled PDMS and pure carbon nano- 
tubes 



L. ATR spectra of unfilled and filled PDMS 

Also reported in Figure 6 is the Raman spec- 
trum of pure MWNTs which exhibits the 
typical D, G and C bands respectively lo- 
cated at 1351, 1587 and 2697cm 1 . These 
bands are shifted to 1354, 1592 and 
2700 cm" 1 in the PDMS/MWNTs composite. 
High-frequency shifts in Raman bands of 
carbon-based fillers have often been ob- 
served when carbon black particles or nano- 
tubes are incorporated into a polymer ma- 
trix [27, 28], 

The degree of adhesion between polymer 
chains and filler particles can be evaluated 
from equilibrium swelling of the compos- 



ites in good solvents. The extent of swelling 
at equilibrium is reduced in the case of ad- 
sorption of polymer chains on particle sur- 
faces and may be enhanced with non-ad- 
hering fillers due to a dewettingof the par- 
ticles and vacuole formation [29]. As seen in 
Fig. 7 for PDMS/MWNTs composites, the 
equilibrium swelling ratio of the rubber 
phase in cyclohexane, O,, decreases with in- 
creasing amount of carbon nanotubes, indi- 
cating a pronounced restiction in swelling 
in the filled samples. Such experiments are 
generally used to estimate the total cross- 
linking density and the polymer-filler at- 



tachments. 0, is equal to (Q— <b) / (1 — cp). 
where Q is the equilibrium swelling ratio of 
the composite (Q=V/V„, V being the vol- 
ume of the swollen sample and V d that of 
the dry sample) and <j> is the volume fraction 
of filler in the dry state. An alternative ex- 
planation to the swelling restriction would 
be to consider occluded rubber in addition 
to the actual volume occupied by the car- 
bon nanotubes. This interpretation is not 
unrealistic because during the composite 
processing, a certain amount of polymer 
could be entrapped inside the nanotube 
bundles. 
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Fillers can modify the morphology of the 
matrix by acting as nucleating agents and 
promotingthe crystallization process of the 
polymer or they may also lead to a decrease 
in crystallinity. Several reports indicate that 
the addition of carbon nanotubes enhances 
the degree of crystallinity of polymers such 
as polypropylene [30-32], nylon-6 [33] or 
poly(£-caprolactone) [34]. In a recent study 
ofnanocompositesof high-density polyeth- 
ylene and carbon nanotubes, Trujillo et al. 
[35] report an increase in the crystallinity 
degree due to the nucleation effect of car- 
bon nanotubes on the polymer matrix and 
a strong reduction in crystallinity at higher 
CNT content (25 % CNT or more) due to con- 
finement effects of polymer chains at the 
interfaces. In PDMS/Si0 2 composites where 
strong interactions exist between the ma- 
trix and the fillers, the rate of crystallization 
has been shown to decrease with an in- 
crease in the filler content [9, 36, 37]. It is 
assumed that the polymer in the interfacial 
region does not crystallize and according to 
Aranguren [36], the curing process also re- 
stricts the ordering of the chains to form a 
crystal and thus the percentage of crystal- 
linity. In a recent study of Xu et al. [38] on 
the thermal properties of single walled car- 
bon nanotube (SWNTs)-silicone nanocom- 
posites, it is shown that the addition of na- 
notubes in the polymer seriously hinder the 
curing of the silicone elastomer and that 
the hindrance increases with increasing 
concentration of SWNTs and the quality of 
their dispersion in the matrix. It is claimed 
that the better the quality of dispersion, the 
more serious the retardation was. On the 
other hand, their cooling DSC data show 
that SWNTs significantly enhance the per- 
centage of the melt crystallisation of pure 
silicone elastomer and better crystallinity is 
obtained for better dispersion of the nano- 
tubes in the polymer. The authors suggest 
that SWNTs behave in their systems as nu- 
cleation sites, which enhances the crystal- 
linity. Our results disagree with the above 
observations since a decrease in the tem- 
perature of crystallization is obtained as in 
high reinforcing silicas (Fig. 8). 
One of the major attribute of carbon nano- 
tubes is to provide electrical conduction at 
a lower filler loading than other carbon ma- 
terials. The electrical conduction process 
depends on several parameters such as 
processing techniques used to mix fillers 
with rubbers, filler content and filler charac- 
teristics such as particle size, structure as 
well as polymer-filler interactions which de- 
termine the state of dispersion. The resistiv- 
ity as a function of the filler loadingdisplays 
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the typical insulator-conductor transition 
corresponding to the formation of a con- 
ductive path throughout the sample reach- 
ing the so-called percolation threshold 
(Fig. 9). It can be seen that this transition oc- 
curs at a filler loading of 0.05 phr which is 
very low with regard to previous results re- 
lated to hydrocarbon rubbers where it was 
shown that carbon nanotubes form the in- 
terconnectingfiller network between 2 and 
3 phr [28].This large reduction in the amount 
of conductive inclusions is particularly valu- 
able for the elaboration of electrically con- 
ductive silicones in commercial applica- 
tions. 

Conclusion 

Significant changes in physical properties of 
silicone rubbers are observed by addition of 
carbon nanotubes at extremely low filler 
content. Although the nature of the inter- 
action between the nanotube surface and 
the polymer chains is not clearly under- 
stood, a noticeable increase in mechanical 
properties is obtained even at a tiny loading 
of 0.05 wt%. This filler content also corre- 
sponds to the formation of an electrically 
percolated network. 
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